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ABSTRACT:
This study focuses on updating the tropical cyclone boundary layer (TCBL) model in the context of TC winds
simulation in performance-based wind engineering (PBWE). To this end, it first introduces the 3D nonlinear TCBL
model, which is so far the most rigorous TC diagnostic model in marine conditions, into the PBWE. The effect of
land-sea roughness contrast on the boundary layer of landfalling TCs, which is critical for applying the model to the
coastal structures, is then investigated. The ensemble of results obtained from the updated TCBL model is being
validated using measurements, reanalysis data, and universal full-physics mesoscale simulations. As the PBWE is
sensitive to the probabilistic characteristics of TC winds, it is expected that the work in this thesis may enhance the
accuracy and reduce uncertainty in a PBWE analysis.
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1. BACKGROUND
Extreme winds in tropical cyclones (TC, hurricanes/typhoons) are responsible for the considerable
loss of civil infrastructures in TC-prone areas. To assess the risk/loss of these structures to TC
winds, the performance-based wind engineering (PBWE) paradigm is being utilized as a
simulation-based framework (Spence and Kareem, 2014). As part of the hazard analysis module,
estimation of TC-induced extreme winds by the Monte Carlo simulation is one of the fundamental
steps in PBWE. On the other hand, modeling tropical cyclones in meteorology has progressed
substantially in the past decades due to increased computational capacity, accumulated
measurement data, and the emergence of machine learning techniques. Meteorological TC models
not only can resolve intricate structures embedded in TCs (e.g., low-level jet, rainband, eyewall
replacement, intensification) but also are able to include the impact of climate variability. At this
juncture, to further refine PBWE for TC applications, it needs a new perspective rooted in TC
meteorology, i.e., tailoring the cutting-edge TC models to leverage the PBWE practice.
2. IMPLEMENTING THE TROPICAL CYCLONE BOUNDARY LAYER MODEL
As one of the essential parts in TC wind simulation, the three-dimensional (3D) fully nonlinear
tropical cyclone boundary layer (TCBL) wind field model (Kepert and Wang, 2001) is
investigated. Forced by gradient winds characterized by a series of parameters (central pressure
deficiency, radius to maximum wind, and Holland-B, etc.), this model solves a shallow (~2000m)
version of the primitive equations by using the time-splitting finite difference method to resolve
both the wind and thermal structure in the TCBL. The solution procedure of this model is outlined.
Through numerical experiments, the sensitivity of some of the computational algorithms in the
model on the wind speed prediction are discussed, e.g., horizontal diffusion, the order of difference
algorithm, and thermal effects. These features lead to a reasonable vetting of the TCBL model
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presented, which is stable and has gone through validation against existing results. Finally, the
model is utilized to simulate the extreme winds at a specified site leading to the assessment of roof
damage of an example low-rise building at the site. Comparison with results obtained by other
conventional TCBL models (3D linear and 2D slab) reveals an apparent difference in both the
extreme mean wind speed field and expected annual loss ratio, as shown in Figure 1.

Figure 1. Joint probability density function of wind speed-direction at 10m generated by: (a) 3D nonlinear model; (b)
3D linear model; and (c) 2D slab model.

3. EFFECTS OF LAND-SEA ROUGHNESS CONTRAST
The boundary layer structure of landfalling tropical cyclones (TC) involves additional asymmetry
resulting from the land-sea roughness contrast, which consequently influences the performance of
buildings in TC-prone areas (Wong and Chan, 2007). This contrast-induced asymmetry in TCBL
and its influence is investigated by utilizing a series of idealized numerical simulations by the 3D
TCBL model. In this model, the contrast-induced asymmetry in TCBL results from the
discontinuity of drag coefficients at the coastline. A series of numerical experiments are carried
out with various settings to explore the contrast-induced asymmetry in both stationary and
translating TCs. The asymmetry is demonstrated in the radial, azimuthal, and total surface wind
speed, inflow angle, and their variation with height, and the surface wind reduction factor, and in
terms of the joint difference (difference against the all-land and all-sea situations overland and
oversea) as the primary measure. In this context, both the in-plane distribution pattern and intensity
based on the statistics (RMS, maximum) of the asymmetry are of concern, as well as the underlying
mechanism. Numerical results show that the contrast-induced asymmetry may result in maximum
surface wind speed higher than both the all-land and all-sea situations overland and oversea
concurrently. A conceptual model, which characterizes the contrast-induced asymmetry as the
combination of the transitional effect around the coastline and the global distortion effect
maximized near the TC eyewall, is proposed and successfully. It is observed that the translationinduced asymmetry may intensify the contrast-induced asymmetry and slightly change its
distribution pattern, while their interaction may intensify the total asymmetry and shift the location
of the maximum surface wind speed, depending on the parameters. Results also reveal the
analogous patterns between a portion of the global distortion in the contrast-induced asymmetry
and the translation-induced asymmetry. Finally, the TCBL with the land-sea roughness contrast is
applied to assess wind-induced damage to a low-rise building near a coastline. The relative
difference in extreme wind speed and annual damage ratio (as shown in Figure 2) can be as large
as 40% and 50% for a single TC event or 8% and 23% in the ensemble, necessitating that this
asymmetry-induced effect is captured in PBWE.
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Figure. 2 Difference in the annual loss ratios of the example low-rise building in performance-based wind engineering.
(a), (b) and (c) denote the sample and probability of exceedance of difference in annual loss ratio. (d) denotes the
relative difference of the statistics of the annual loss ratio.

4. ONGOING VERIFICATION OF THE MODEL
Validation of the TCBL kinematics against measurement results is necessary for not only assessing
the simulation accuracy but also ensuring its feasibility for engineering practice. The validation in
this study starts from hurricane Isabel 2003 and covers about 30 selected hurricanes in the North
Atlantic and the Gulf of Mexico basins during 1995-2015, both for a single TC event and as an
ensemble average. The TCBL simulation results by the diagnostic models, such as 3D fully
nonlinear, 3D linear, and 2D slab TCBL models, and by the full-physics WRF simulation are
compared to the ECMWF reanalysis data, H*Wind surface wind fields, surface station and
dropsonde measurements. The input of diagnostic models will be calibrated using the objectivelyfitted TC tracks accounting for the gradient balance. Moreover, the WRF simulation is being
carried out in different modes, i.e., without assimilation but with/without bogus inserted. Unlike
customary focus in meteorology, surface wind speed, direction, and wind profiles below 500m are
of interest for PBWE. With respect to these characteristics, the model comparison will be evaluated
in terms of indicators carefully selected.
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